ABSTRACT: Polymer vesicles, also named polymersomes, are valuable candidates for drug delivery and micro or nano-reactors applications. As far as drug delivery is concerned, the shape of the carrier is believed to have a strong influence on the biodistribution and cell internalization. Polymersomes can be submitted to an osmotic imbalance when injected in physiological media leading to morphological changes. To understand these osmotic stressinduced variations in membrane properties and shapes, several nano-vesicles made of the graft polymer poly(dimethylsiloxane)-g-poly(ethylene oxide) (PDMS-g-PEO) or the triblock copolymer PEO-b-PDMS-b-PEO were osmotically stressed and observed by light scattering, neutron scattering (SANS) and cryo-transmission electron microscopy (cryo-TEM).
Hypotonic shock leads to a swelling of the vesicles, comparable to optically observable giant polymersomes, and hypertonic shock leads to collapsed structures such as stomatocytes and original nested vesicles the latter being only observed for diblocks. Complementary SANS and cryo-TEM experiments are shown to be in quantitative agreement and highlight the importance of the membrane structure on the behavior of these nano-polymersomes under hypertonic conditions as the final morphology reached depends whether or not the copolymers assemble into a bilayer. The vesicle radius and membrane curvature are also shown to be critical parameters for such transformations: the shape evolution trajectory agrees with theoretical models only for large enough vesicle radii above a threshold value around four times the membrane thickness. KEYWORDS: block copolymer, vesicles, polymersomes, shape transformation, osmotic shock, bi-lamellar membrane, nested vesicles, permeability This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10) : 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589
3 Self-assembly of amphiphilic block copolymers in aqueous solution is a versatile and widely used method for the formation of nanostructures with various shapes. By structural analogy with viral capsids, polymeric vesicular structures (polymersomes) 1, 2 are under intense scrutiny for triggered release drug delivery 3, 4 but also for micro or nano-reactors applications. [5] [6] [7] Moreover, like lipidic vesicles (liposomes), polymersomes can be considered as a simplified model for living membranes and thus be used for basic cellular behavior studies. 8 Indeed membrane proteins have been successfully incorporated in polymersomes membranes 9, 10 and hierarchical self-assemblies mimicking the structure of cells have been reported. 11 In terms of mechanics, the membrane of polymersomes shows improved mechanical resistance as compared to liposomes. As a matter of fact, the polymeric membrane usually has a higher bending moduli and lysis strain, and a lower permeability to both solvent and solutes. 1, 12 One of the next crucial steps for the future use of polymersomes consists in controlling their shape. In a biomimetic approach, the behavior of many cells in physiological environment is related to their shape and conformational changes can go along with severe diseases. As an example, human red blood cells (RBCs) form a biconcave discoid shape (discocyte) under healthy conditions but blood diseases such as malaria 13, 14 or drepanocytosis (formation of sickle shaped red blood cell) are related to changes in the RBCs shape. The interaction between cells and nanoparticles also depends on the shape of these latter. Indeed, in addition to nanoparticle's size that is obviously a relevant parameter, 15, 16 the shape has been shown to influence their biodistribution in the body, pharmacokinetic profile and internalization pathway, and consequently their therapeutic and imaging properties. [17] [18] [19] [20] Other examples exist in the literature on the This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10) : 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 4 role of osmotic pressure for biological cells, like the regulation of the plasma membrane tension by large surface area membrane proteins acting as "osmo-valves" to protect the cell against osmotic imbalances, 21 or the production by some fungi spores of osmotic agents (e.g. glycerol) to pierce the leaves of plants, 22 which more generally remain turgescent thank to the osmotic pressure of water acting on their cell walls. As polymersomes generally present very selective permeabilities, 23 leading in some cases to a burst process, 25 with a possible reseal of the membrane after leakage. 26, 27 Vesicle behaviors under hypertonic stress appear to be more complex. According to experimental and theoretical studies 28, 29 giant unilamellar liposomes, when exposed to hypertonic conditions, evolve from spheres into a variety of non-spherical morphologies, such as prolate or oblate ellipsoids, stomatocytes and even into non-axisymmetric starfish shapes. 30, 31 The formation of "raspberry vesicles" has also been reported for DOPC This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10) : 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 5 (1,2- This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 In table 2, the glucose concentration gradients used for the hypertonic shocks are indicated in absolute values and correspond to the osmolarity of the external solution as vesicles were water-filled. For cryo-TEM measurements, δ i and δ e are the internal and external layer thicknesses, separated by a water gap D w ; and δ tot = δ i + D w + δ e is the total bi-lamellar membrane thickness. For SANS, R c is the core radius of the vesicles and δ is the thickness of both polymer layer of the membrane (δ i and δ e are assumed identical), σ Rc , σ d , and σ Dw being the widths of respectively the Log-normal distributions of R c , d, and D w .
Cryo-TEM images of the system after having adjusted the external glucose concentration to 100 mM (Figure 2 i.e. vesicles with a bi-lamellar membrane formed by two polymer layers fully separated by a water gap. A statistical study (n = 93) revealed that 72% of structures were nested vesicles and their aspect ratio K distribution shows that they are more spherical (K closer to 1) that unilamellar vesicles before the shock. As the two layers can easily be distinguished on cryo-TEM images, several membrane thickness This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 13 measurements were carried out (figure 2-D). Internal and external thicknesses of shells, respectively d i = 5.6 ± 0.6 nm and d e = 6.1 ± 0.6 nm (n = 50), were found similar to the membrane thickness of unilamellar vesicles determined before applying a hypertonic shock ( Table 2 ). The distance between these two shells was found rather constant at a value D w = 3.6 ± 0.9 nm.
Then, the total bi-lamellar membrane thickness was found to be d tot = d i + D w + d e = 15.5 ± 1.1 nm. Vesicles that stayed unilamellar, about 28%, were stretched out and appear to be smaller than nested vesicles on cryo-TEM images, as confirmed by the initial radius calculation presented later on.
The strongest applied hypertonic shock Table 2 ). The main difference, confirmed by the aspect ratio K distribution, is that these nested vesicles were now stretched out and not spherical anymore. 
The scattered intensity in absolute units (cm -1 ) is proportional to polymer volume fraction and neutron contrast with the solvent and calculated by integrating the geometrical polydispersity:
with Log-normal distributions laws both for the core radius F(R c , σ Rc ) and for the shell
This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. Concerning the sample shocked with an osmolarity of 250 mM, the best fit is also a mix of nested (74%) and unilamellar vesicles (26%). Fitting parameters ( Table 2) are similar to those of the 100 mM hypertonic shock and confirm that membranes parameters were the same for the two hypertonic conditions.
These SANS experiments confirm that when submitted to a hypertonic stress ranging from 100 mM to at least 250 mM, 
PEO-b-PDMS-b-PEO structural changes in hypertonic conditions.
This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 table 3 , the glucose concentration gradients used for the hypertonic shocks are indicated in absolute values and correspond to the osmolarity of the external solution as vesicles were water-filled. R c is the core radius of the vesicles, δ is the membrane thickness and δ KP the membrane thickness determined in the asymptotic Kratky-Porod regime. Measurement on the same sample after applying hypertonic stresses confirmed that no major changes in the objects scattering occurred upon the shock since experimental curves looked very similar (Figure 7-B) .
The same modeling function with the same conditions of fit parameters was used to fit the experimental data. Core radii parameters did not significantly change the fit quality and were found at small values but with a high polydispersity (Table 3) After applying the hypertonic stress, if the number of structures with a bi-lamellar This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 27 membrane was more than twice the initial one, 11.3% of the total structures, more than half of them were clearly identified as stomatocytes (6.4% of the total structures).
As there were already nested bilamellar vesicles due to the formation process, this increase in double-layered structures proportion can be mostly attributed to the appearance of stomatocytes and not to newly formed nested vesicles. Moreover, the aspect ratio distribution of unilamellar vesicles was wider than before the shock ( Figure 6-B ), suggesting that these objects were too small (see below) to form invaginations and thus were just stretched out to reduce their internal volume at a constant surface area.
The lack of sensitivity of this triblock system to hypertonic conditions can be explained by the limitation previously identified: the membrane thickness is not negligible with respect to the vesicle radius. Comparing the R 0 values determined for all vesicles remaining unilamellar after the shock with the R 0 min 250 mM value of this system confirms that 85% of them were too small to form nested vesicles and thus were just stretched out. Therefore, the smaller This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 28 shrinkage observed by DLS as compared to PDMS-g-PEO vesicles (Figure 1 ) was due to the lack of changes in morphology of these vesicles under hypertonic conditions. This is also the reason why SANS curves on shocked samples for the triblock copolymer vesicles (Fig. 7B) showed almost no change compared to the scattered intensity in isotonic conditions (Fig. 7A) . 
Conclusion.
In this work, we studied the behavior of As vesicles were water-filled for these hypertonic shocks, the final glucose concentration gradient is the osmolarity at which the external medium was adjusted. Values of viscosity used for proper determination of the hydrodynamic radius are indicated in Figure S9 .
Small Angle Neutron Scattering (SANS):
These experiments were performed at the Figure S1 are normalized by the polymer concentration. It is clear than in hypertonic conditions (Fig. S1a) , PDMS-g-PEO polymersomes undergo modifications, presumably the formation of nested vesicles, whereas they do not change in hypotonic conditions (Fig. S1b ). This is an interesting result of the SANS study as it is similar to direct observations of PDMS-g-PEO giant vesicles, for which the invariance of the vesicle size in hypotonic condition was attributed to a fast swell burst cycle. 16 We evaluated the radii of gyration of the vesicles in the Guinier (low q) regime and their membrane thicknesses using the Kratky-Porod approximation in the intermediate q regime Scattering length densities used to fit the experimental curves were ρ shell = ρ PDMS = 6.37×10 -8 Å -2 and ρ solvent = ρ D2O = 6.35×10 -6 Å -2 .
Using this model assumes that the PEO layers covering the PDMS shells are almost fully hydrated and have no contrast with the deuterated water (∆ρ 2 = (ρ hydrated PEO -ρ D2O ) 2 ∼ 0).
Defects from the membrane fusion for PDMS-g-PEO vesicles. Two different kinds
of defects results from the membrane fusion to close stomatocytes and reach a nested structure. Most of the time, a "round mark" is present in the internal cavity of the nested vesicle. We assume that these marks are membrane buds of the inner shell because they can Conditions on scattering length densities used to fit the experimental curves were ρ 2 = ρ shell = ρ PDMS = 6.37×10 -8 Å -2 and ρ solvent = 6.35×10 -6 Å -2 > ρ 1 and ρ 3 > ρ dehydrated PEO = 5.69×10 -7 Å -2 .
As explained in the model previously described, PEO layers cannot be seen in these SANS experiments if they are totally hydrated. Then, shells 1 and 3 do not represent the entire PEO layers covering the PDMS shell but only the part of PEO chains close to the PDMS / PEO This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 44 interface, where they are not well hydrated. It can be represented as a SLD gradient along PEO chains. The total membrane thickness is δ = δ 1 + δ 2 + δ 3 . The glucose concentration gradients used for the hypertonic shocks are indicated in absolute values and correspond to the osmolarity of the external solution as vesicles were water-filled.
SLD values obtained by fitting the curves are close to that of dehydrated PEO chains, and are not negligible. Indeed, the contrast with deuterated water is (for the highest value): ∆ρ 2 = (1.8×10 -6 -6.35×10 -6 ) 2 = (4.55×10 -6 ) 2 = 2.07×10 -11 Å -4  at least 52% of the PDMS layer contrast.
PEO-b-PDMS-b-PEO synthesis.
This copolymer was obtained by coupling two different blocks : α,ω-bis aminopropyl terminated poly(dimethylsiloxane) as hydrophobic block (average molecular weight 5000 g/mol) and α-methoxy-ω-N hydroxysuccinimide ester poly(ethylene glycol) with a number average molecular weight of 750g/mol. This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589 ensure that primary amine from the macro-initiator were deprotonated during the coupling reaction. Then, solutions of reactants were mixed and stirred at room temperature for 24 h.
The solvent was removed under nitrogen stream, and the copolymer was dispersed in distilled water, dialyzed during 3 days (MWCO = 50 kDa), and lyophilized.
This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Nano, 2013. 7 (10): 9298-9311, copyright © American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see http://pubs.acs.org/doi/abs/10.1021/nn4039589
46
The success of the coupling between PEO-NHS and H 2 N-PDMS-NH 2 macro-initiator was monitored using 1 H NMR. Before coupling, the signal for carbon's proton at the chain end of the macro-initiator corresponds to amine groups (H 2 NCH 2 CH 2 , δ = 2.6ppm). After coupling, this signal is significantly shifted and corresponds to amide groups (RCONHCH 2 CH 2 , δ = 3.1ppm), attesting that all chain end functions reacted with PEO-NHS. Disappearance of proton signal from the NHS leaving group of PEO-NHS reactants confirms the success of the reaction and of the dialysis (to remove all unreacted products). 
